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(57) ABSTRACT

A power electronics module comprises a first liquid cooler
comprising a cooling channel for recerving a cooling liquid,
wherein the first liquid cooler comprises a metal body
providing a first terminal of the power electronics module;
a second liquid cooler comprising a cooling channel for
receiving a cooling liquid, wherein the second liquid cooler
comprises a metal body providing a second terminal of the
power electronics module; a plurality of semiconductor
chips arranged between the first liquid cooler and the second
liquid cooler, such that a first electrode of each semicon-
ductor chip 1s bonded to the first liquid cooler, such that the
first electrode 1s 1n electrical contact with the first liquid
cooler, and an opposite second electrode of each semicon-
ductor chip 1s 1n electrical contact with the second liquid
cooler; and an 1nsulating encapsulation, formed by molding
the first liquid cooler, the second liquid cooler and the
plurality of semiconductor chips into an imsulation material,
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such that the first liquid cooler, the second liquid cooler and
the plurality of semiconductor chips are at least partially
embedded onto the 1nsulation material.

20 Claims, 4 Drawing Sheets
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POWER ELECTRONICS MODULE WITH
FIRST AND SECOND COOLERS

FIELD OF THE INVENTION

The invention relates to the field of packaging of high
power semiconductors. In particular, the mvention relates to
a power electronics module and to a power cell for an
clectrical converter.

BACKGROUND OF THE INVENTION

Wide bandgap semiconductor devices, for example based
on S1C substrates can provide higher maximal blocking
voltages as comparable devices based on S1 substrates. The
higher maximum blocking voltage 1n combination with
lower switching losses of S1C semiconductor devices allows
more flexibility of converter design for medium voltage and
high voltage applications.

For example, the entire voltage range of MV applications
may be covered with simple two-level voltage source con-
verter topologies. Higher switching frequencies may reduce
the total harmonic distortion significantly.

For typical two level or three level topologies 1n high
voltage applications, the number of semiconductors 1n series
connection may be reduced drastically. This also may reduce
the number of gate drivers and the number of stacked coolers
and modules.

For modular multilevel converters or cascaded hali-
bridge topologies 1 high voltage applications, the number
of converter cells may be reduced drastically. Again, this
may reduce the number of gate drivers and the number of
stacked coolers and modules. Furthermore, the volume of
the entire converter may be reduced significantly.

In addition, high voltage S1C devices may provide a
higher cosmic ray robustness.

Furthermore, SiC devices will allow high temperature and
high-current operation and may potentially allow a signifi-
cant shrinkage of S1C area and power module footprint.

Finally, modular multilevel converter and cascaded hali-
bridge topologies for high voltage applications based on SiC
may lower the need for short circuit failure mode (SCFM)
operation.

However, due to the diflerent design and operation prop-
erties of wide bandgap semiconductor devices compared to
S1 devices, there may be a need for new packaging concepts
for assembling these devices mto modules.

For example, compared to conventional S1 semiconductor
devices, S1C devices have smaller chip area and may con-
sequently have lower current ratings, which may require
paralleling of an even larger number of devices.

Furthermore, high loss densities may require advanced
heat spreading and cooling. In addition, very low or even
negative temperature coetlicients of resistance of S1C bipo-
lar devices may demand highly umiform temperature resis-
tances across parallel bipolar devices.

Higher operation voltages may require higher protection
for partial discharges at substrate metallization edges. For
example, sharp DBC (direct bonded copper substrate) Cu
edges and active metal brazing protrusions with curvatures
in the micrometer range may lead to considerable field
crowding and are of particular concern at ultra-high voltage
applications. Higher edge termination surface ficlds may
result in a need for enhanced insulation strength and
excluded contamination and moisture condensation in the
vicinity of the edge termination.
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Faster switching capabilities may result in higher tran-
sients and there may be a need for synchronous switching of

a large multitude of parallel devices.

US 2014/0291832 Al relates to a power semiconductor
module with an IGBT and a diode interposed between two
DBC (direct copper bonding) substrates and molded 1nto a
mold compound. Two cooling shells are bonded to the
substrates.

EP 2 270 855 Al relates to a double-side cooled module

with two substrate plates and semiconductor components
between the two substrate plates.
DE 41 03486 Al shows a cooling arrangement with a
semiconductor device mounted between two liquid cooled
clectrodes. The semiconductor device 1s arranged in an
opening of an 1solating plate, which 1s arranged between the
two electrodes.

DESCRIPTION OF THE INVENTION

It 1s an object of the mvention to provide a power
clectronics module that considers the different design and
operation properties ol wide bandgap switching devices. For
example, such a power electronics module provides good
cooling capabilities 1n combination with enhanced electrical
insulation, which 1s usually needed by wide bandgap
devices.

This objective 1s achieved by the subject-matter of the
independent claims. Further exemplary embodiments are
evident from the dependent claims and the following
description.

An aspect of the imvention relates to a power electronics
module, which for example may be used for high-voltage
DC (HVDC) applications and/or for high and medium
voltage power converters. The term “power electronics™
may refer to electronic devices adapted for switching cur-
rents ol more than 100 A and/or more than 1.000 V. Medium
voltage may be a voltage between 1.000 V and 20.000 V.
High voltage may be a voltage higher than 20.000 V.

According to an embodiment of the invention, the power
clectronics module comprises a first and a second liquid
cooler, a plurality of semiconductor chips between the
coolers and an (electrically) insulating encapsulation into
which the coolers and the chips are at least partially embed-
ded.

The first liquid cooler comprises a cooling channel for
receiving a cooling liquid, wherein the first liquid cooler
comprises a metal body providing a first terminal of the
power electronics module. Also the second liquid cooler
comprises a cooling channel for receiving a cooling liquid,
wherein the second liquid cooler comprises a metal body
providing a second terminal of the power electronics mod-
ule. In general, each of the coolers may comprise a cavity
inside its metal body, which 1s used for conducting the
cooling liquid. Furthermore, each of the coolers may provide
connections or plugs for connecting one or more cooling
conduits with the respective cooler.

It may be possible that an intermediate cooler 1s arranged
between the first and second cooler, wherein a first layer of
semiconductor chips are arranged between the first and the
intermediate cooler and a second layer of semiconductor
chups 1s arranged between the intermediate cooler and the
second cooler. Such a double stacked module may be useful
with respect to providing a halt-bridge within one module.

One, two or all of the coolers may be based on {ins,
micro-channels, mini-channels and/or impingement struc-
tures providing very low and uniform thermal resistance
across parallel semiconductor chips. Mini-channels may be
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channels with a diameter of about 100 um to 1 mm.
Micro-channels may be channels with a diameter of about
less than 100 um. An impingement structure may comprise
spray or jet cooling of a liquid onto a surface to be cooled.
It also may be possible that the cooling liquid evaporates
inside one or both of the coolers (flow boiling).

The plurality of semiconductor chips are arranged
between the first liquid cooler and the second liquid cooler,
such that a first electrode of each semiconductor chip 1s
bonded to the first liquid cooler. In such a way, the first
clectrode 1s 1n electrical contact with the first liquid cooler,
and an opposite second electrode of each semiconductor
chip 1s 1n electrical contact with the second liquid cooler. For
example, each opposite electrode may be in contact via
clectrically conducting posts with the second cooler or with
the intermediate cooler.

The coolers may have metal bodies with substantially
plate-like shapes. The semiconductor chips may be arranged
side by side (1n parallel rows and/or columns) between two
of the coolers. Since the semiconductor chips are directly
bonded to the first cooler, partial discharges from metalli-
zation edges of a substrate (such as a DBC substrate) may be
avoided.

The first and the second cooler may provide terminals of
the power electronics module. A current may enter the

module via the metal body of the first cooler, which distrib-
utes the current to the first electrodes of the semiconductor
chips, and may leave the module through the metal body of
the second cooler (or vice versa). It has to be understood that
the coolers are not electrically isulated from the semicon-
ductor chips.

The encapsulation 1s formed by molding the first liquid
cooler, the second liquid cooler and the plurality of semi-
conductor chips 1nto an insulation material, such that the first
liquid cooler, the second liquid cooler and the plurality of
semiconductor chips are at least partially embedded onto the
insulation material. For example, the assembly of coolers
and bonded chips may be placed into a mold and cast into
a solidifying insulation maternial. For example, the space
between the coolers accommodating the chips may be
completely filled with the insulation material.

According to an embodiment of the invention, the first
cooler, the second cooler and/or the intermediate cooler are
embedded into the insulation material, such that only the
terminals and cooling liquid connections protrude from the
insulation material. Furthermore, the plurality of semicon-
ductor chips 1s completely embedded into the insulation
material. In other words, substantially all of the components
of the power electronics module may be embedded 1nto the
insulation material. In particular, more than 90% of the
metal surfaces of the coolers and all of the chips may be
embedded into the msulation material. In such a way, the
module may provide very good electrical insulation, which
may be even suited for high voltage application and may
provide very good cooling, since the chips are i1n direct
thermal contact with the metal bodies of the coolers.

According to an embodiment of the invention, the first
cooler comprises cavities into which the semiconductor
chips are bonded. Also the intermediate cooler, when pres-
ent, may comprise such cavities at a side directed to the
second cooler. For example, such cavities may be machined
into the metal body of the respective cooler. The cavities
may help to reduce a width of the entire module and/or to
allow a low-profile gate wirebond to a substrate. Further-
more, the cavities may help to align the chips with respect
to each other and/or with respect to the cooler.
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However, it also may be possible that the first (and/or the
intermediate cooler) have a substantially planar surface at
the side of the chips and that the chips are bonded to this
planar surface with the respective planar electrode.

According to an embodiment of the invention, semicon-
ductor chips are bonded to posts protruding from the second
liqguid cooler and/or the intermediate cooler. These posts
may be a part of the metal body of the respective liquid
cooler, 1.e. may be of the same material as the respective
cooler. It also may be possible that the posts are bonded to
the respective liquid cooler.

Since the semiconductor chips are directly bonded to the
next liquid cooler, also partial discharges from metallization
edges ol a substrate (such as a DBC substrate) may be
avoided. Due to the wire bond-less topside of the second
clectrode of the chips, the chips also may be cooled from the
topside. Furthermore, due to the posts, the module may have
an 1improved short-circuit withstand capability.

As described, the chips and/or posts may be bonded to a
cooler. In this context, bonding may mean any method that
1s adapted for interconnecting the respective electrode with
the cooler/post. For example, bonding may be soldering or
sintering, such as pressure-less sintering, or transient liquid
phase bonding.

According to an embodiment of the invention, the semi-
conductor chips carry wide bandgap semiconductor devices.
For example, the semiconductor chips may be S1C diodes,
transistors and/or thyristors. However, the semiconductor
chips also may be S1, GaN or other semiconductor materials
and 1t may also be possible different semiconductor mate-
rials are combined 1n hybrid approaches, e.g., S1 and SiC.

It should be lighlighted that module design also may be
beneficial for S1 and other semiconductors and 1s not limited
to S1C. In addition, also low voltage Si or S1C semiconduc-
tors can be packaged in this module. For example, the
module may be used for the converter of an electrical or
hybrid vehicle, such as a car. In this EV/HEC application,
the concept may be of particular interest since cost and
reliability critical interconnects and packaging materials
such as DBCs and baseplates may be eliminated.

According to an embodiment of the invention, the first
liquid cooler and the second liquid cooler are aligned with
at least one through-hole pin. For example, the metal bodies
of the coolers may have through-holes substantially orthogo-
nal to the extension of the one or two layers of semicon-
ductor chips. Pins may be placed in the through-holes of the
first cooler and the second and/or intermediate cooler and
may be plugged with its through-holes on the pins, which
may align the first cooler and the second and/or intermediate
cooler with respect to the first cooler. Such an alignment
might be used in particular 1t the topside posts of the
semiconductors are a part of a topside cooler.

According to an embodiment of the invention, the metal
body of the first liquid cooler provides a planar first terminal
protruding from the insulation material and the metal body
of the second liquid cooler provides a planar second terminal
protruding from the msulation material in an opposite direc-
tion, such that the power electronics module 1s stackable
with an equally designed power electronics module for
series connecting the power electronics module with the
equally designed power electronics module. The planar
terminals may be substantially parallel to an extension
direction of the plate-shaped coolers and/or a layer of
paralleled semiconductor chips. A tower of two or more of
these series connected power electronics modules may be
clamped together.
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In this case, the insulation material may completely
surround the coolers and the chips except the planar termi-
nals.

According to an embodiment of the invention, beside a
semiconductor chip with a gate electrode, a substrate com-
prising a metallization layer 1s bonded to the first liquid
cooler such that the metallization layer 1s electrically 1so-
lated from the first liquid cooler, and the gate electrode 1s
connected with a wire bond to the metallization layer. When
an intermediate cooler 1s present, the side of the intermediate
cooler facing the second cooler may be designed analo-
gously.

For example, the substrate may be a DBC or PCB (printed
circuit board) substrate, which 1s sintered or soldered with
one metallization layer to the first cooler and which provides
a second metallization layer, which 1s electrically insulated
from the first cooler. The gate electrode, which may be
arranged on the same side of the chip as the second elec-
trode, may be connected with one or more wire bonds with
the metallization layer. It also may be possible that more
than one gate electrode of more than one chip are connected
to the same metallization layer.

According to an embodiment of the mvention, a spring,
clectrically connected to a gate terminal, 1s electrically
insulated attached to the second liquid cooler and 1s pressed
on the metallization layer. The gate terminal may be pro-
vided on the second cooler and/or the intermediate cooler at
a side facing the first cooler. On the gate terminal, a spring
for each metallization layer 1s provided, which 1s pressed on
the metallization layer, when the second and/or intermediate
cooler 1s put on the first cooler.

The substrate with the metallization layer, the gate ter-
minal between the coolers and/or the springs may be com-
pletely embedded into the insulation material of the encap-
sulation.

Alternatively, a gate terminal rod 1s guided through the
second liquid cooler and/or the intermediate cooler, such
that 1t electrically contacts the metallization layer. In this
case, the gate terminal may be provided on the outside of the
second and/or intermediate cooler. According to an embodi-
ment of the invention, a gate controller, which 1s connected
to the gate terminal rod, 1s positioned on the encapsulation.

According to an embodiment of the invention, the first
liquid cooler and/or the second cooler provide more than one
terminal protruding at opposite sides from the power elec-
tronics module. For example, 1t may be possible that termi-
nals of the module extend from the module substantially
parallel to an extension direction of the plate-shaped coolers
and/or the layer of semiconductor chips. It may be possible
that at more than one side, terminals extend from the
module. In an intermediate area (between the terminals), the
coolers may be embedded into the msulation material of the
encapsulation.

According to an embodiment of the mvention, the first
liguid cooler and the semiconductor chips are arranged
inside a terminal cage formed of the second liquid cooler and
a terminal plate arranged 1n parallel to the first liquid cooler
and the second liquid cooler. It may be possible that the
second cooler and the terminal plate form a cage of electrical
conductors around the first cooler (and optionally the inter-
mediate cooler) as well as the semiconductor chips. This
may be seen as a coaxial terminal arrangement. This
arrangement may enable more hard and/or more synchro-
nous switching with respect to other arrangements of ter-
minals and/or chips.

For forming the electrically conducting cage, the second
liquid cooler and the terminal plate may be interconnected
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via lateral connection plates. For example, at all sides of the
module, the first liquid cooler and the terminal plate may be
interconnected with connection plates.

According to an embodiment of the invention, at least one
of the liquid coolers of the power electronics 1s made from
copper, aluminum, AlSi1C, molybdenum and/or alloys of
these materials. The metal body of the liquid cooler, which
may contain the cooling channel as cavities and/or which
may provide the terminals may be one piece. For example,
the cooler may be casted from aluminum or copper together
with the cooling channel, the cavities for the chips and/or the
pOSts.

According to an embodiment of the invention, the power
clectronics module further comprises a housing accommo-
dating the liguid coolers and the semiconductor chips
embedded 1n the insulation matenal, herein the housing is
filled with an explosion mitigating material (such as sand)
surrounding the liquid coolers and the semiconductor chips.
One or several power electronics modules may be placed 1n
an explosion-proof box to prevent open arcing and/or shat-
tering of parts.

A further aspect of the invention relates to a half-bridge
power electronics module, which 1s based on the design of
the power electronics module.

According to an embodiment of the invention, the hali-
bridge module comprises the first liquid cooler providing a
first DC terminal, the second liquid cooler providing a
second DC terminal and the intermediate liquid cooler
comprising a cooling channel for receiving a cooling liquid,
wherein the intermediate liquid cooler comprises a metal
body providing an AC terminal of the power electronics
module. A first layer of semiconductor chips 1s bonded to the
first liquid cooler and 1n electrical contact with the interme-
diate liquid cooler via electrically conducting posts. Fur-
thermore, a second layer of semiconductor chips 1s bonded
to the mtermediate liquid cooler and 1n electrical contact
with the second liquid cooler via electrically conducting
posts.

The semiconductor chips of the first layer (which may be
transistors and/or thyristors) may provide a first leg of the
half-bridge. The semiconductor chips of the second layer
(which may be transistors and/or thyristors) may provide a
second leg of the half-bridge. The coolers may provide the
AC and DC terminals of the halt-bridge.

Such a stacked dual configuration may enable a synchro-
nous switching of all semiconductor chips of one layer.
Furthermore, the stacked dual configuration may be com-
bined with a coaxial terminal arrangement as described
above, which also may enhance the switching capabilities of
the haltf-bridge module.

A Turther aspect of the invention relates to a power cell for
an electrical converter, such as a modular and/or multi-level
converter.

According to an embodiment of the invention, the power
cell comprises at least one capacitor and at least one power
clectronics module as described 1n the above and in the
following, which 1s mounted to the capacitor. The liquid
coolers and the semiconductor chips embedded 1n a solid
insulation material may allow for compact arrangement of
power modules and nearby converter parts. Such power
modules may be directly mounted to a DC link capacitor or
to a cell capacitor.

For example, the capacitor may provide terminals to
which the terminals of the power module are directly
connected. There may be no need for busbars or comparable
conductors for electrical connecting the power electronics
module to the capacitor. This also may result 1n a lower
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inductance of the electrical connection between the capaci-
tor and the power electronics module, which may have
advantages with respect to transients and switching speed.

These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiments
described hereinatter.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject-matter of the mvention will be explained in
more detail 1n the following text with reference to exemplary
embodiments which are 1llustrated in the attached drawings.

FIG. 1 schematically shows a cross-sectional view of a
power electronics module according to an embodiment of
the 1nvention.

FIG. 2 schematically shows a cross-sectional view of a
part of power electronics module according to a further
embodiment of the invention.

FIG. 3 schematically shows a cross-sectional view of a
power electronics module according to a further embodi-
ment of the invention.

FIG. 4 schematically shows a cross-sectional view of two
stacked power electronics module according to an embodi-
ment of the invention.

FIG. 5 schematically shows a cross-sectional view of a
half-bridge module according to an embodiment of the
invention.

FIG. 6 schematically shows a cross-sectional view of a
half-bridge module according to a further embodiment of the
invention.

FIG. 7 schematically shows a cross sectional view of a
half-bridge module according to a further embodiment of the
invention.

FIG. 8 schematically shows a perspective view of com-
ponents of a half-bridge module according to a further
embodiment of the invention.

FIG. 9 schematically shows a cross-sectional view of a
half-bridge module according to a further embodiment of the
invention.

FIG. 10 schematically shows a perspective view of a
converter power cell according to an embodiment of the
invention.

The reference symbols used in the drawings, and their
meanings, are listed in summary form 1n the list of reference
symbols. In principle, identical parts are provided with the
same reference symbols 1n the figures.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

FIG. 1 shows a power electronics module 10 comprising,
a first liqud cooler 12a, a second liquid cooler 126 and a
plurality of semiconductor chips 14 interposed between the
coolers 12a, 12b. The semiconductor chips 14 and the
coolers 12 are embedded into an insulation material 16,

which forms an encapsulation 18 of the power electronics
module 10.

Each of the coolers 12a, 126 has a metal body 20, for
example formed of copper or aluminium, which contains a
cooling channel 22. The metal body 20 has a substantially
plate-like shape and (in FIG. 1 on one side of the power
clectronics module 10) provides a terminal 24 of the power
clectronics module 10. On the other side, a cooling connec-
tion or plug 26, which may be made of plastics material, 1s
attached to the metal body 20, which protrudes from the
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insulation material 16. The metal body 20 of the cooler 124,
125, except the terminal 24, 1s embedded 1nto the isulation
material 16.

The saw-tooth line at the side of the terminals indicates a
surface pattern 28 1n the nsulation material for increasing
the creeping distance between the terminals 24.

The metal body 20 of the coolers may have a width
(orthogonal to the plate extension of the metal body 20) from
about 1 to 2 cm, to avoid that arcing erosion can reach the
cooling liquid.

The coolers 12a, 126 may have a ceramic protection layer
or plastics coating inside the cooling channel 20 and/or on
the outside surface to manipulate the position of an arc.

The coolers 12a, 1256 may be based on fins, mini-channels
(about 100 um to 1 mm), micro-channels (smaller than 100
um) and/or impingement structures for de-ionized water. For
very high heat resistance homogeneity requirements, the
cooling channels 20 may be either arranged 1n a normal
liquid tlow configuration and/or may be designed for evapo-
rative boiling with a suitable heat transfer liquid. If high
cooling performance 1s required, an impingement cooling
approach may be considered, 1n which cooling liquid may be
sprayed onto a cooling zone with nozzles. The cooling
connections or plugs 26 and/or the power terminals 24 may
be connected to separate bus systems.

In FIG. 1, the chips 14, which may be diodes, transistors
or thyristors based on a S1C substrate or a S1 substrate, are
arranged 1n a layer 30, which 1s substantially parallel to the
extension of the plate-like shaped metal bodies 20 of the
coolers 12a, 12b6. The chips 14 may be arranged 1n rows and
columns, 1.e. 1n two dimensions.

Each of the chips 14 has a body with a planar first
clectrode 32a one side and a planar second electrode 326 on
an opposite side.

The first electrode 324 1s bonded (sintered or soldered) to
a surface of the first cooler 12a. As indicated 1in FIG. 1, the
first cooler 12a may have cavities or depressions 34, 1n
which the chups 14 are accommodated. These cavities may
help 1n aligning many chips 14, 1n adjusting different chip
heights (for example switch and diode), and to allow a
low-profile gate wirebond to a substrate. For example, the
cavities 34 may be machined into the metal body 20 of the

cooler 12a and after that, the chips 14 may be sintered into
the cavities 34.

In FIG. 1 parallel connected free-wheeling diodes and
parallel connected switches (transistors or thyristors) are
shown, which have diflerent heights that are compensated by
cavities 34 of different depths.

The second electrode 3256 of each chip 1s bonded to a post
36 that may be part of the metal body 20 (for example a
machined part) of the cooler 126 or may be bonded to the
cooler 1256. When the post 36 1s a separate part, 1t may be
firstly bonded to the chip 14 and then bonded to the cooler
1256. The posts 36 may be made of copper (Cu), aluminum
(Al) or molybdenum (Mo). The connection with the posts 36
1s scalable with voltage, longer posts 36 may be used for
higher voltages. The posts may be made out of Al or an Al
plate may be provided between the chips 14 and the posts 36
to allow SCFM (short circuit failure mode) formation for Si
semiconductor chips 14 (1.e. a formation of a low-resistance
S1/Al alloy under short circuit failure).

Since the chips 14 are directly mounted to the cooler 12a
and to the cooler 125 via posts that also may provide good
thermal conductivity, the cooling path 1s decoupled from the
insulation path. The cooling performance 1s scalable to
ultra-high voltage application.
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It 1s possible to add a Mo bufler plate 38 between the chip
14 and the post 36 and/or the post 36 and the cooler 12b.
Also the electrode 32a may be protected with a Mo bufler
plate 38. These buller plates 38/bufler layers may improve
the match of the thermal extension coeflicient to SiC, for
example to reduce stress during thermal cycling.

The chips 14 are parallel connected with their electrodes
32a by the first cooler 12a and with their electrodes 3256 by
the second cooler 14b6. A current may enter the power
clectronics module 10 through one of the terminals 24, 1s
distributed by one of the coolers 12a, 126 to the parallel
connected chips 14 and may be collected by the other one
cooler 12a, 126 leaving the power electronics module
though the other terminal 24.

Since the chips 14 are directly connected to the coolers
12a, 1256, which are also used for current conduction, DBC
substrates for interconnecting the chips 14 with the coolers
12a, 1256 may be avoided and thus partial discharges that
may be generated by sharp metallization edges. To further
reduce partial discharges, edges of the coolers 12a, 126 may
be rounded.

Furthermore, the present design may provide improved
surge current withstand capability due to the large area
contacts at both sides of the chips 14 and the high thermal
masses (the metal bodies 20) attached with a low thermal
resistance.

Gate connections for switches, 1.e. chips 14 with gate
clectrodes 40, may be realized with bond wires 42. Besides
the corresponding chip 14 (and/or besides the corresponding,
cavity 34), a substrate 44 with a metallization layer 46 may
be attached (glued, bonded, sintered or soldered). The gate
clectrode 40 of one or more chips 14 may be connected with
wire bonds 42 with the metallization layer 46. For example,
the substrate 44 may be arranged as collection line beside a
row of chips 14.

The metallization layer 46 of the substrate 44 may be
contacted by one or more springs 48, which are attached to
the cooler 1256. The springs 48 may be electrically connected
to a gate terminal 50 attached to the cooler 125, such as an
insulated board like a PCB or a metallized flex foil like
Cu/Polyimide. In such a way, a low-inductance and/or

symmetric gate connection across parallel chips 14 may be
realized.

The coolers 12a, 126 may have through-holes substan-
tially orthogonal to the extension of the plate-shaped metal
bodies 20 and the layer 30 of chips 14. Through these
through-holes, pins 52 may extend, which are used for
aligning and/or fixing the coolers 12a, 125 with respect to
cach other.

The chips 14, coolers 12a, 126 are embedded 1n a solid
insulation material 16, for example in a compression mold
compound and/or a transfer mold compound. The insulation
material 16 may have a coefhicient of thermal expansion
(CTE) matched to the material of the coolers 12a, 125 (such
as Cu or Al). Due to this CTE match, warpage 1ssues after
molding may be avoided.

Besides the terminals 24 and the connections 26, all parts
of the power electronics module 10 may be solid insulated,
for example also the springs 48, the substrates 44 and most
of the gate terminal 50. This may allow for compact arrange-
ment of several power modules 10 and nearby converter
parts as well as novel converter integration approaches since
creepage and air striking distances may be largely reduced.

The 1nsulation material 16 may be an epoxy mold com-
pound, which may have a significantly lower moisture
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diffusion coeilicient as a silicone gel so that issues of
moisture penetration to the edge termination may be
improved.

The insulation material 16 also may be a silicone rubber.
Matenal softness may help to avoid shattering of parts under
short circuit conditions. It 1s also possible to combine a soft
and hard insulation material 1n the module 10 1n order to
direct over-pressure gas along the solt material towards a
venting area of the module 10 or converter.

FIG. 2 shows a part of power electronics module 10 with
an alternative gate connection. In this case, the cooler 125
has through-holes, 1n which gate terminal rods 54 are guided
through the cooler 1256, such that the rods 54 electrically
contacts the metallization layer 46. These rods 54 may be
connected to a gate terminal on topside of the cooler 1256 or
may be contacted between the coolers 12a, 126 to a gate
terminal 50 that 1s attached to the inside of the cooler 125.
The other parts of the module 10 of FIG. 2 may be equally
designed as described with respect to FIG. 1.

Furthermore, 1t may be possible that a gate controller 55
(for example comprising a printed circuit board with control
and optionally protection components) connected to the gate
terminal rod 54 1s positioned on the encapsulation 18. The
gate controller 55 may be positioned very close to the rod 54
on top of the power module 10. Since the cooler 126 may
then be mbetween the gate controller 35 and the semicon-
ductor chips 14, a good thermal decoupling may be
achieved. In this way there may be no 1ssue of high-T
semiconductor operation as for example enabled by S1C and
a low-temperature rating of control electronic components
of the gate controller 55.

FIG. 3 shows a further embodiment of a power electronics
module 10 that has planar terminals 24' on sides of the
module 10, which extend substantially on the same direction
as the layer of chips 14 and/or the plate-like shaped coolers
12a, 12b. The planar terminals 24' may protrude from the
insulation material 16, which may completely embed all
other parts of the coolers 12a, 1256 1n opposite directions.

For series connection, two or more of such a module 10
may be stacked on each other and may be clamped together.
The other parts of the module 10 of FIG. 3 may be equally
designed as described with respect to FIGS. 1 and/or 2.

FIG. 4 shows that two power electronics modules 10
according to FIG. 1 may be stacked together without clamp-
ing. The modules 10 may have planar sides (which may be
provided by the encapsulation 18) and may be stacked on
each other. For series connection the modules 10, the
terminal 24 provided by the cooler 125 of the lower module
10, leaving the encapsulation on top, may be interconnected
with the terminal 24 provided by the cooler 12a of the upper
module, leaving the encapsulation at the bottom. No
mechanical clamping of modules 10 1s needed.

FIG. 5 may provide a half-bridge composed of two
modules 10. The outer terminals 24 are then the DC termi-

nal. The two connected inner terminals 24 are then the AC
terminal of the hali-bridge.

FIG. 5 shows a half-bridge module 10' that comprises an
intermediate cooler 12¢ between the coolers 12a, 124.
Between the first cooler 124 and the intermediate cooler 12¢,
a first layer 30 of chips 1s arranged and between the
intermediate cooler 12¢ and the second cooler 1254, a second
layer 30 of chips 1s arranged. The coolers 12a, 1256 are
designed like 1n the previous figures.

The side of the intermediate cooler 12¢ facing the cooler
12a 1s designed like the side of the cooler 1256 facing the
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chips 14 and the side of the intermediate cooler 12¢ facing
the cooler 126 1s designed like the cooler 12a facing the

chips 14.

The cooling channel 22 of the intermediate cooler 12¢
may be designed like the one of the coolers 12a 1254.
Also the intermediate cooler 12¢ may be aligned and/or

fixed with the through-hole rods 52.

The layers 30 of chips each provide a leg of a half-bridge
that 1s integrated into the module 10'. The terminals 24
provided by the coolers 12a, 126 are DC terminals of the
half-bridge. Each of the layers 30 of chips 14 are connected
in parallel by the intermediate cooler 12¢, which also
provides an AC terminal 24" of the hali-bridge.

The dual configuration of FIG. 5 may allow for a thinner
construction compared to FIG. 4 and therefore may have a

lower loop inductance.
FIG. 6 shows a halt-bridge module 10', with terminals 24

on both sides of the encapsulation 18. A plurality of termi-
nals 24 may be positioned around the periphery of the
module 10 for symmetric connection. Also the embodiment
of FIGS. 1 to 4 may be provided with such terminals 24.
Such an arrangement of terminals 24 may equalize the
impedances between the terminals 24 and the chips 14.

FIG. 7 shows a half-bridge module 10' 1n which the first
cooler 12a, the intermediate cooler 12¢ and the chips 14 are
arranged 1nside a terminal cage 56, which 1s composed of the
second cooler 125, a terminal plate 538 below (outside of) the
first cooler 12a and lateral connection plates 60 intercon-
necting the terminal plate 58 and the second cooler 1256. The
terminal 24 corresponding to the second cooler 12a 1s
provided by the terminal plate 58.

FIG. 7 shows a perspective view of the coolers 12a, 125,
12¢, chips 14 and the terminal cage 56 of FIG. 7. The
terminal cage 58 and the cooler 12a may be seen as a
“coaxial” terminal arrangement, which may have a high
loop inductance reduction and a more equalized terminal-
to-chip 1impedance.

Except of the terminal cage 60, the module 10' of FIG. 7
may be designed like the module 10' of FIG. 5. Furthermore,
it also 1s possible that the module 10 of FIGS. 1 and 2 with
only one layer 30 of chips 14 1s provided with a terminal
cage 56 according to FIGS. 7 and 8.

In FIG. 8 1t 1s further shown that the DC+ and DC-
terminals 24 enter the module 10' 1n low inductive parallel
plate configuration. The (upper) DC-cooler 125 1s connected
to the (bottom) DC-terminal plate 38 through a plurality of
vertical plates 60 around the periphery of the module 10. In
FIG. 8, two vertical plates 60 on each side of the module 10
are shown as example. However, 1t 1s possible that more than
two plates 60 per side are provided.

FIG. 9 shows that the half-bridge module 10' of FIGS. 5
to 8 may be arranged 1nside an explosion proof housing 62.
The housing 62 also may be filled with an explosion
mitigating material 64 such as sand. Only the terminal 24
and the connections 26 may penetrate to the outside of the
housing 62.

It has to be understood that also a module 10 as described
with respect to FIGS. 1 to 3 may be accommodated 1n a
turther housing 62 as described with respect to FIG. 9.

FIG. 10 shows a converter power cell 66 with capacitors
68 and half-bridge modules 10'. One of the modules 10' 1s
shown without 1ts housing 18.

The hali-bridge modules 10 are directly connected with
their terminals 24 to the terminals 70 of the capacitors 68.
No external bus bar 1s needed. It also may be possible to
integrate the modules into the housing of the capacitors 68
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in order to re-use the functionality of the capacitor housing
(over-pressure venting, explosion-prootf casing, etc).

While the invention has been illustrated and described 1n
detail 1n the drawings and foregoing description, such 1llus-
tration and description are to be considered illustrative or
exemplary and not restrictive; the invention 1s not limited to
the disclosed embodiments. Other variations to the disclosed
embodiments can be understood and effected by those
skilled 1n the art and practising the claimed invention, from
a study of the drawings, the disclosure, and the appended
claims. In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
or “an” does not exclude a plurality. A single processor or
controller or other umit may fulfil the functions of several
items recited in the claims. The mere fact that certain
measures are recited 1n mutually different dependent claims
does not indicate that a combination of these measures
cannot be used to advantage. Any reference signs in the
claims should not be construed as limiting the scope.

LIST OF REFERENCE SYMBOLS

10 power electronics module
12a cooler

1256 cooler

14 semiconductor chip
16 insulation material
18 encapsulation

20 metal body

22 cooling channel

24 terminal

26 cooling connection
28 surface pattern

30 layer of chips

32a first electrode

32b second electrode
34 cavity

36 post

38 molybdenum plate
40 gate electrode

42 bond wire

44 substrate

46 metallization layer
48 spring contact

50 gate terminal

52 pin

54 gate terminal rod
535 gate controller

24' planar terminal

10" half-bridge module
12¢ intermediate cooler
24" AC terminal

56 terminal cage

58 terminal plate

60 connection plate

62 explosion proof housing
64 explosion mitigating material
66 converter cell

68 capacitor

70 terminal

The mvention claimed 1is:

1. A power electronics module, comprising:

a first liquud cooler comprising a cooling channel for
receiving a cooling liquid, wheremn the first liquad
cooler comprises a metal body providing a first termi-
nal of the power electronics module;
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a second liquid cooler comprising a cooling channel for
receiving a cooling liquid, wherein the second liquid
cooler comprises a metal body providing a second
terminal of the power electronics module;

a plurality of semiconductor chips arranged between the
first liquid cooler and the second liquid cooler, such that
a first electrode of each semiconductor chip 1s bonded
to the first liquid cooler such that the first electrode 1s
in electrical contact with the first liqud cooler and an
opposite second electrode of each semiconductor chip
1s 1n electrical contact with the second liquid cooler;

an 1sulating encapsulation, formed by molding the first
liquid cooler the second liquid cooler and the plurality
of semiconductor chips into an insulation material,
such that the first liquid cooler the second liquid cooler
and the plurality of semiconductor chips are at least
partially embedded onto the insulation material.

2. The power electronics module of claim 1,

wherein the first cooler and the second cooler are embed-
ded into the isulation material, such that only the
terminals and cooling liquid connections protrude from
the insulation material; and/or

wherein the plurality of semiconductor chips are com-
pletely embedded 1nto the insulation material.

3. The power electronics module of claim 1, wherein the
first cooler comprises cavities into which the semiconductor
chips are bonded.

4. The power electronics module of claim 1,

wherein semiconductor chips are bonded to posts pro-
truding from the second liquid cooler; and/or

wherein at least one of the posts 1s a part of the metal body
of the second liquid cooler or at least one of the posts
1s bonded to the second liquid cooler.

5. The power electronics module of claim 1, wherein the
semiconductor chips carry wide bandgap semiconductor
devices.

6. The power electronics module of claim 1, wherein the
first liquad cooler and the second liquid cooler are aligned
with at least one through-hole pin.

7. The power electronics module of claim 1,

wherein the metal body of the first liquid cooler provides
a planar first terminal protruding from the insulation
material and the metal body of the second liquid cooler
provides a planar second terminal protruding from the
insulation material in an opposite direction, such that
the power electronics module 1s stackable with an
equally designed power electronics module for series
connecting the power electronics module with the
equally designed power electronics module.

8. The power electronics module of claim 1, wherein
beside a semiconductor chip with a gate electrode, a sub-
strate comprising a metallization layer 1s attached to the first
liquid cooler such that the metallization layer 1s electrically
1solated from the first liquid cooler, and the gate electrode 1s
connected with a wire bond to the metallization layer.

9. The power electronics module of claim 1, wherein the
first liguid cooler and/or the second liquid cooler provide
more than one terminal protruding at opposite sides from the
power electronics module.

10. The power electronics module of claim 1,

wherein the first liqmd cooler and the semiconductor
chips are arranged 1nside a terminal cage formed of the
second liquid cooler and a terminal plate arranged 1n
parallel to the first liquid cooler and the second liquid
cooler;

wherein the second liquid cooler and the terminal plate
are mterconnected via lateral connection plates.
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11. The power electronics module of claim 1, wherein at
least one of the liquid coolers of the power electronics
module 1s made from copper, aluminum, AlS1C, molybde-
num and/or alloys of these maternials.

12. The power electronics module of claim 1, further
comprising;

a housing accommodating the liquid coolers and the
semiconductor chips embedded in the msulation mate-
rial;

wherein the housing 1s filled with an explosion mitigating
material surrounding the liqud coolers and the semi-
conductor chips.

13. The power electronics module of claim 2, wherein the
first cooler cavities 1nto which the semiconductor chips are
bonded.

14. The power electronics module of claim 2,

wherein semiconductor chips are bonded to posts pro-
truding from the second liquid cooler; and/or

wherein at least one of the posts 1s a part of the metal body
of the second liquid cooler or at least one of the posts
1s bonded to the second liquid cooler.

15. The power electronics module of claim 2, wherein the
semiconductor chips carry wide bandgap semiconductor
devices.

16. The power electronics module of claim 3,

wherein semiconductor chips are bonded to posts pro-
truding from the second liquid cooler; and/or

wherein at least one of the posts 1s a part of the metal body
of the second liquid cooler or at least one of the posts
1s bonded to the second liquid cooler.

17. The power electronics module of claim 3, wherein the
semiconductor chips carry wide bandgap semiconductor
devices.

18. The power electronics module of claim 8,

wherein a spring, electrically connected to a gate terminal,
1s electrically insulated attached to the second liquid
cooler and 1s pressed on the metallization layer; or

wherein a gate terminal rod 1s gmided through the second
liguid cooler, such that it electrically contacts the
metallization layer and/or a gate controller connected to
the gate terminal rod 1s positioned on the encapsulation.

19. A half-bridge power electronics module, comprising;:

a first ligmd cooler comprising a cooling channel for
receiving a cooling liquid, wherein the first liquid
cooler comprises a metal body providing a first termi-
nal of the power electronics module, the first liquad
cooler providing a first DC terminal;

a second liquid cooler comprising a cooling channel for
receiving a cooling liquid, wherein the second liquid
cooler comprises a metal body providing a second
terminal of the power electronics module, the second
liguid cooler providing a second DC terminal;

a plurality of semiconductor chips arranged between the
first liquid cooler and the second liquid cooler, such that
a first electrode of each semiconductor chip i1s bonded
to the first liquid cooler, such that the first electrode 1s
in electrical contact with the first liquid cooler, and an
opposite second electrode of each semiconductor chip
1s 1n electrical contact with the second liquid cooler;

an insulating encapsulation, formed by molding the first
liquid cooler, the second liquid cooler and the plurality
of semiconductor chips into an insulation matenal,
such that the first liquid cooler, the second liquid cooler
and the plurality of semiconductor chips are at least
partially embedded onto the insulation material

an mtermediate liquid cooler comprising a cooling chan-
nel for receiving a cooling liquid, wherein the inter-
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a second liquid cooler comprising a cooling channel for
receiving a cooling liquid, wherein the second liquid
cooler comprises a metal body providing a second
terminal of the power electronics module;

mediate liquid cooler comprises a metal body providing
an AC terminal of the power electronics module;

a first layer of semiconductor chips bonded to the first
liquid cooler and 1n electrical contact with the inter-
mediate liquid cooler via electrically conducting posts; 5

and a plurality of semiconductor chips arranged between the

second layer of semiconductor chips bonded to the
intermediate liquid cooler and 1n electrical contact with
the second liquid cooler via electrically conducting
pOSts.

10

first liquid cooler and the second liquid cooler, such that
a first electrode of each semiconductor chip 1s bonded
to the first liquid cooler, such that the first electrode 1s
in electrical contact with the first liquid cooler, and an

20. A power cell for an electrical converter, the power cell

comprising;

at least one capacitor;

at least one power electronics module mounted to the
capacitor; the at least one power electronics module
comprising;

a first liquid cooler comprising a cooling channel for
receiving a cooling liquid, wheremn the first liquid
cooler comprises a metal body providing a first termi-
nal of the power electronics module; I T

opposite second electrode of each semiconductor chip
1s 1n electrical contact with the second liquid cooler;

an insulating encapsulation, formed by molding the first

liquid cooler, the second liquid cooler and the plurality

15 of semiconductor chips into an insulation matenal,

such that the first liquid cooler, the second liquid cooler

and the plurality of semiconductor chips are at least
partially embedded onto the insulation material.
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